Introduction
The last decade has witnessed considerable advances in our understanding of the historical events that led to pig domestication and breed formation. Since the pioneer study of Giuffra et al. (2000) , establishing the existence of two main centers of domestication, a wide array of Asian and European breeds has been analyzed with mitochondrial markers (Larson et al. 2005; Fang and Andersson 2006; Wu et al. 2007 ) and microsatellites (Fang et al. 2005; SanCristobal et al. 2006; Megens et al. 2008) . This research has evidenced a deep population split between Asian and European populations, with an estimated time of divergence that ranges from 58,000 (Kim et al. 2002) to 900,000 YBP (Giuffra et al. 2000; Larson et al. 2005; Fang and Andersson 2006) . Moreover, large-scale mitochondrial analysis of pigs and wild boars with a worldwide distribution revealed that pigs were domesticated at multiple locations across Eurasia (Larson et al. 2005; Wu et al. 2007 ).
One limitation of previous studies lies in the fact that they are exclusively based on one type of marker (either mitochondrial DNA or microsatellites), instead of integrating multiple sources of genomic information. Moreover, the analysis of the patrilineal history of pig breeds has not been undertaken so far due to the lack of Y-chromosome markers. The general goal of the current work was to investigate the origins of pig breeds through the simultaneous analysis of three different sources of genomic data (i.e., mitochondrial, Y-chromosome, and autosomal polymorphisms) in wild and domesticated Sus scrofa populations with a worldwide distribution. In this framework, the comparison of genetic diversity between pigs and wild boars would be particularly meaningful in order to understand how domestication and artificial selection have shaped the allelic repertoire of swine breeds. Moreover, we aimed to address two specific questions of broad interest. The absence of Near Eastern mitochondrial haplotypes in modern European breeds has been taken as evidence that they descend from pigs domesticated locally (Larson et al. 2005) . We wanted to find out if autosomal markers, which have a much lower extinction rate than their mitochondrial counterparts (Zhang and Hewitt 2003) , support this notion or not. In addition, we were interested in investigating the ancestry of African and South American pig breeds, two populations that have not been previously analyzed. Africa and South America were explored and colonized by the Europeans in the 15th century onward (Ferro 1997) . This circumstance might lead us to assume that African and South American pigs have fundamentally a European origin. However, the participation of Asian breeds cannot be ruled out because the ancient introduction of Indian and Far Eastern livestock in the Eastern coast of Africa has been widely documented (Hanotte et al. 2002; Muchadeyi et al. 2008) . Moreover, several Brazilian pig breeds, such as Nilo and Canastrinho, show a close phenotypic resemblance with Asian pigs (Porter 1993) . These facts brought us to investigate if the patterns of genetic variation observed in African and South American pig breeds are more consistent eitherwithasingleEuropeanoriginor,conversely,withamore complex model integrating European and Asian influences.
Materials and Methods

Animal Material
Animal material employed for the analysis of the autosomal genome comprised 374 pigs and wild boars with a wide geographical distribution including Europe (203), Near East (22), Africa (71), America (30) , and Asia (48), as shown in supplementary table 1, Supplementary Material online. A subset of 266 pigs and wild boars (supplementary table 1, Supplementary Material online) was used for analyzing the polymorphism of Sus scrofa Y-chromosome (SSCY). The data set employed for mitochondrial cytochrome b (MT-CYB) analysis included 345 sequences (190 characterized in the current work and 155 extracted from the GenBank) and it is described in supplementary table 2, Supplementary Material online. Sus barbatus and Babyrousa babyrussa were employed as outgroups in SSCY, MT-CYB, and microsatellite analyses.
Pig genomic DNA was isolated from either blood or tissues by using a conventional phenol-chloroform precipitation protocol, as described elsewhere. In contrast, nucleic acid isolation from hair shafts was achieved by using the DNeasy Blood and Tissue Kit (Qiagen, Barcelona, Spain). The only procedure we have modified in this commercial protocol was the lysis method, which involved an incubation in 350 ll lysis buffer (100 mM Tris-Cl pH 5 8, 100 mM NaCl, 3 mM Ca Cl 2 , 2% sodium dodecyl sulfate, 40 mM dithiotreitol, and 250 lg/ml proteinase K) at 56°C for 3-4 h. Samples that yielded a poor amount of DNA were amplified at the whole-genome level with the GenomiPhi DNA Amplification Kit (Amersham Biosciences Europe GmbH, Cerdanyola del Vallès, Spain) according to the manufacturer's instructions.
Y-Chromosome Sequencing and Genotyping
In order to identify polymorphic sites in the SSCY, we have sequenced 2,328 bp of SSCY in 28-39 wild boars and pigs from Europe (11-18), Near East (2), Africa (4-8), and Asia (8-12). Sequences of primers used for amplifying and sequencing each one of the SSCY-targeted regions are reported in supplementary table 3, Supplementary Material online. More specifically, we have sequenced 427-bp intron 24 of the ubiquitin-specific protease 9 (USP9Y) gene (GenBank accession number: EU549792-94), one 543-bp region located in the amelogenin (AMELY) gene (GenBank accession number: EU549795-99), 184 bp of eukaryotic translation initiation factor 2, subunit 3 (EIF2s3Y) locus (GenBank accession number: AJ437581), and three fragments corresponding to the ubiquitously transcribed tetratricopeptide repeat gene (UTY) gene. These three amplicons corresponded to 330-bp intron 1 (GenBank accession number: EU549788-91), 491-bp intron 7 (GenBank accession number: EU549785-87), and 353-bp intron 9 (GenBank accession number: EU549800-01) of the UTY gene.
These six polymerase chain reactions (PCRs) were carried out in a 25-ll final reaction mixture containing PCR buffer (1Â), 2.5 mM MgCl 2 , 0.2 mM dNTPs (Applied Biosystems, Warrington, United Kingdom), 0.5 lM of each primer, and 0.75 U TaqGold DNA polymerase (Applied Biosystems). Thermocycling profiles were one cycle at 95°C for 10 min, followed by 35 cycles of 94°C for 1 min, T m (see supplementary table 3, Supplementary Material online) for 1 min and 72°C for 1 min and a final extension step at 72°C for 15 min. Amplified products were purified with the ExoSAP-IT kit [Amersham Biosciences Europe GmbH, Cerdanyola del Vallès, Spain]) and polymorphisms were genotyped by primer-extension analysis by using the SnaPshot ddNTP Primer-Extension kit (Applied Biosystems). With the aim of checking the specificity of the PCRs (lack of cross-amplification of X-linked or autosomal loci), six independent control PCRs were performed by employing female genomic DNA as a template. The lack of an amplified product was a necessary requirement to validate each PCR.
Microsatellite Genotyping
A total of 12 autosomal and unlinked microsatellites were analyzed: S0155 (chromosome 1), SW240 (chromosome 2), S0090 (chromosome 2), SW72 (chromosome 3), SW911 (chromosome 9), SW951 (chromosome 10), S0386 (chromosome 11), SW857 (chromosome 14), SW936 (chromosome 15), S0355 (chromosome 15), S0101 (chromosome 17), and SW24 (chromosome 17). Microsatellites were chosen based on their ease of scoring, absence of null alleles, location and informativeness. Microsatellites were amplified using three multiplex PCRs : multiplex-1 (SW911, SW857, SW240, and S0090), multiplex-2 (SW936, SW72, and S0155), and multiplex-3 (S0101, S0355, S0386, SW951, and SW24). PCRs were carried out in a 10-ll reaction mixture containing PCR buffer (1Â), 1.5 mM MgCl 2 , 0.25 mM of each deoxynucleotide, 0.5 U TaqGold DNA polymerase (Applied Biosystems), and 30-40 ng genomic DNA. Primer concentrations were optimized for each marker: 0.35 lM for S0155, 0.3 lM for S0090 and SW24, 0.25 lM for SW911 and SW72, 0.15 lM for SW240 and SW936, and 0.2 lM for the remaining microsatellites. Thermocycling profiles were 10 min at 94°C followed by 35 cycles of 94°C (30 s), 58°C (1 min), and 72°C
(1 min), followed by a final extension step at 72°C for 7 min. Amplified products were electrophoresed in an ABI Prism 3730 Genetic Analyzer equipment with fluorescent detection (Applied Biosystems) and analyzed with the GeneScan 3.7 software (Applied Biosystems).
Mitochondrial Sequencing
We have analyzed a 895-bp fragment corresponding to the mitochondrial MT-CYB gene. Primer sequences and amplification profiles have been described by Alves et al. (2003) . PCR products were purified with the ExoSAP-IT kit (Amersham Biosciences Europe GmbH, Cerdanyola del Vallès, Spain) and sequenced with the Big Dye Terminator Cycle Sequencing Ready Reaction kit v3.1 (Applied Biosystems). Sequencing reactions were analyzed by capillary electrophoresis in an automated ABI PRISM 3730 capillary electrophoresis device (Applied Biosystems). Sequences were aligned using the SeqScape software v2.6 (Applied Biosystems).
Data Analysis
Nucleotide diversities (p) were computed with the DnaSP 4.90.1 software (Rozas et al. 2003) . The medianjoining network was constructed with the Network 4.5 program (Bandelt et al. 2000) , whereas the Bayesian phylogenetic tree was built with MrBayes v3.1.2 (Ronquist and Huelsenbeck 2003) . In this bayesian analysis, we employed a Hasegawa, Kishino, and Yano evolutionary model (Hasegawa et al. 1985) previously selected with Modeltest (Posada and Crandall 1998) . Evolutionary parameters (proportion of invariant sites, a-value and transition to transversion rates) were estimated with both Modeltest and MrBayes. The consensus tree was visualized with TreeView (Page 1996) and edited with TreeDyn (Chevenet et al. 2006) .
The Time to Most Recent Common Ancestor (TMRCA) of SSCY haplotypes was estimated with the Genetree program (http://www.stats.ox.ac.uk/;griff/ software.html). Genetree provides mutation-age estimates as multiples of h; thus, either effective population size (N e ) or mutation rate (l) should be fixed a priori to transform time expressed in h units to a given number of generations. In the absence of a pig-specific nucleotide substitution rate for the Y-chromosome, we employed the one reported for human that is approximately 1.65 Â 10 À9 per bp and year (Schaffner 2004 ). This value has been shown to be fairly constant among mammals (Kumar and Subramanian 2002) . All Genetree program executions were run for 1,000,000 iterations.
Expected and observed heterozygosities within each population were calculated for each microsatellite using GENEPOP 3.1 (Rousset and Raymond 1995) . In addition, all genotypes were screened using a Bayesian admixture procedure implemented in the STRUCTURE 2.2 software (Pritchard et al. 2000) . STRUCTURE was run with 10 6 iterations, following a burn-in period of 10,000 iterations, to estimate the number of populations (K) using only genetic information. To infer the correct K value, we applied the DK method (Evanno et al. 2005) . We estimated the levels of European versus Far Eastern genetic admixture in five pig populations (South American, African, Mediterranean, International, and Anglo-Saxon swine) by analyzing autosomal microsatellite data with the Leadmix software. We assumed that European wild boars and Far Eastern wild boars and pigs are the two ancestral populations. Leadmix analysis was performed in accordance with the recommendations of Wang (2003) . Robert and Hiorns (RH; 1965) , Long and Chakraborty (LC; 1991 , and Wang (W; 2003) estimators were used to assess the levels of population admixture. The 95% confidence intervals for RH and LC moment estimators were obtained by bootstrapping (1,000 replicates over loci), whereas those corresponding to the W estimator were calculated through the analysis of profile log-likelihood curves.
Analysis of the molecular variance (AMOVA) was carried out by using the Arlequin software (Excoffier et al. 2005) with the goal of estimating the proportion of genetic variation within and among groups (pig vs. wild boars) and populations. Arlequin was also employed to estimate F ST statistics and their statistical significances (P values were calculated after performing 10,000 permutations). A tree based on D A distances (Nei et al. 1983 ) was constructed by using the Neighbor-Joining clustering algorithm (Saitou and Nei 1987) . The distance matrix was obtained with the program POPULATIONS v1.2.28 (Langella 2002 ) and the tree was built with the MEGA 4.1 package (Tamura et al. 2007 ).
Results
Polymorphism of Pig Y-Chromosome
Partial sequencing of six Y-chromosome regions located in the USP9Y, UTY, AMELY, and EIF2s3Y single-copy genes was performed. Multiple alignment of sequences corresponding to European, Far Eastern, African, and Near Eastern wild boars and/or pigs (mean number of sequences per region: 34.75) revealed the existence of seven single nucleotide polymorphisms that grouped into three haplotypes HY1, HY2, and HY3 (table 1). The HY1 and HY2 haplotypes were closely related differing by a single substitution at the AMELY gene and both of them were highly divergent with regard to HY3 (mean difference: 2.7 substitutions/kb). Nucleotide diversity of SSCY was remarkably high in pigs (p 5 13.3 Â 10 À4 ± 2.9 Â 10
À4
) and wild boars (p 5 9.8 Â 10
) in spite of the low number of haplotypes. This high nucleotide diversity is mostly explained by the existence of two highly divergent and ancient lineages (HY1 and HY2 vs. HY3), with an estimated TMRCA of 1.27 My (0.49-2.05 My at 95% highest posterior density).
Geographical Distribution of Pig Y-Chromosome Haplotypes
Analysis of the geographical distribution of SSCY haplotypes in a panel of 266 male pigs and wild boars with a worldwide distribution revealed the existence of a welldefined geographical pattern in Eurasia (table 2, supplementary tables 4 and 5, Supplementary Material online). European and Near Eastern wild boars as well as European pigs displayed the HY1 haplotype at high frequencies (0.91-0.93), whereas HY3 was minority (0.00-0.03) being 
a Sus barbatus and Babyrousa babyrussa were used as outgroups (HY4).
Origin (Giuffra et al. 2000; Larson et al. 2005; Fang and Andersson 2006) . Levels of genetic diversity were similar in pigs (p 5 88.3 Â 10 À4 ± 5.1 Â 10 À4 ) and wild boars (p 5 70.6 Â 10 À4 ± 6.7 Â 10 À4 ). We found 101 different mitochondrial MT-CYB haplotypes (Hap_1 to Hap_101) that are listed in supplementary table 2, Supplementary Material online. With the aim of establishing a correspondence with previous studies, we grouped these haplotypes in nine MT-CYB lineages named as E1, E2, E3, E4, A1, A2, A3, A4, and A5 (identified in the current work) following the nomenclature proposed by Fang and Andersson (2006) . Although these authors consider E1 as a European lineage, according to our data it has a much wider geographical distribution including, among other territories, North Africa and Near East (supplementary table 2, Supplementary Material online). Consistent with data presented by Larson et al. (2005) , Near Eastern MT-CYB sequences did not cluster with their European counterparts in the median-joining network ( fig. 1 ) with the only exception of two sequences from Armenian wild boars. This finding suggests that European and Near Eastern gene pools have independent origins. With regard to the Far Eastern Sus scrofa specimens, the topology of the MT-CYB network happened to be remarkably complex. We identified a main cluster, that contained Chinese, Vietnamese Korean, and European pig MT-CYB sequences, and several others that were scattered throughout the network and contained sequences from Korean and Japanese wild boars ( fig. 1 , supplementary figs. 1 and 2, Supplementary Material online). The clustering of European MT-CYB sequences with the Far Eastern ones was expected given the extensive introgression of Chinese alleles into British breeds (Porter 1993) , as previously shown by others (Giuffra et al. 2000; Larson et al. 2005; Fang and Andersson 2006) .
In North (Tunisian and Moroccan wild boars) and West (pigs from Nigeria and Benin) Africa, Far Eastern haplotypes were completely absent, whereas they were particularly abundant in the Eastern part of the continent (Kenya and Zimbabwe, supplementary table 2, Supplementary Material online). With regard to South America, most pig samples displayed the H_1 haplotype (68%), whereas the second most frequent haplotype was H_11 (12%). These haplotype frequencies are very similar to the ones observed in the Iberian breed from Spain (H_1: 65%, H_11: 17%). In fact, the only European pigs that carried H_11 belonged to the Iberian breed (supplementary table 2, Supplementary Material online). These findings evidence the Iberian ancestry of South American pigs. Remarkably, Far Eastern MT-CYB haplotypes were found in Nicaraguan pigs. An additional median-joining network was constructed to delineate with more detail genetic relationships among Far Eastern, African, and American MT-CYB haplotypes (supplementary fig. 3 , Supplementary Material online). This analysis showed that African sequences were distributed into four main clusters (from A to D), of which three contained Far Eastern MT-CYB sequences (A, B, and C), whereas the fourth (D) was clearly European and included, among others, African wild boar sequences (supplementary fig. 3 , Supplementary Material online). In clusters A-C, African sequences grouped indistinctly with Indonesian, Chinese, Vietnamese, and Korean MT-CYB haplotypes making it difficult to discern their origin. Most of South American pig sequences grouped in cluster D, consistent with their European ancestry, whereas a number of them were closely related with the Far Eastern cluster A.
Variability of Autosomal Microsatellites
Analysis of 12 autosomal microsatellites showed that genetic diversity in each one of the analyzed Sus scrofa populations was fairly similar (table 3) and comparable with data presented in previous reports (Fang et al. 2005; SanCristobal et al. 2006; Megens et al. 2008) . Genetic relationships among Sus scrofa populations were analyzed with the STRUCTURE software (Pritchard et al. 2000) as shown in figure 2. When the number of assumed populations (K) was set to three, we observed a red cluster containing wild boar populations from Europe, North Africa, and Near East as well as Mediterranean and South American pigs; a blue cluster with Far Eastern wild boars and pigs; and a green cluster including Anglo-Saxon, International, and African pig breeds. The existence of this green cluster is highly consistent with MT-CYB data indicating that African and International pig breeds have been formed by admixing the allelic pools of European and Far Eastern populations. In this way, this green cluster might be considered as an intermediate between the European (red) and Asian (blue) ones. This hypothesis was tested by using the Leadmix software (Wang 2003) . We defined as parental populations those located in the two main centers of pig domestication, that is, European wild boars (population 1, N 5 52) and a mixture of Far Eastern wild boars and pigs (population 2, N 5 48). Previous microsatellite analyses had shown that these two populations are highly differentiated (Megens et al. 2008) . Leadmix results are shown in table 4. The percentage of European alleles (averaged across methods) was high in Mediterranean (80%) and South American (67%) pigs, intermediate in Anglo-Saxon (53%) and African (49%) breeds, and relatively low in International swine (39%). Similar results were obtained when we considered as ancestral populations a mixture of European, Near Eastern, and African wild boars versus Far Eastern wild boars and pigs (data not shown). Finally, the STRUCTURE analysis indicated that European and Near Eastern wild boars are tightly related at the autosomal level because these two populations clustered together even when K was set to 8. This result did not match other analyses performed by us ( fig. 1 ) and others (Larson et al. 2005) showing that European and Near Eastern wild boars are differentiated at the mitochondrial level. As a complementary approach to investigate the genetic relationships among Sus scrofa populations, we calculated the corresponding F ST values and their statistical significances. Although F ST coefficients of genetic differentiation ranged from low (F ST 5 0.03) to high (F ST 5 0.19) values depending on the populations compared, all of them happened to be highly significant (P , 1 Â 10 À6 ). A multidimensional scaling plot of F ST values and a Neighbor-Joining tree based on D A distances are shown in figures 3A and 3B, respectively. Taken together, these analyses suggested that North African, European, and Near Eastern wild boars as well as Mediterranean pigs are clearly differentiated from Far Eastern pigs and wild boars, whereas Anglo-Saxon, International, and African pig breeds occupy an intermediate position between these two main groups. The multidimensional scaling plot and the Neighbor-Joining tree also showed the existence of a close relationship between Near Eastern and European wild boars ( fig. 3) , although it should be emphasized that the coefficient of genetic differentiation between these two populations although low (F ST 5 0.08) is highly significant (P ,1.10 À6 )
Analysis of Population Structure
An AMOVA of mitochondrial, SSCY, and autosomal markers was performed to study Sus scrofa population structure ). This low value should be interpreted with caution because the two groups under consideration (pigs and wild boars) included both European and Far Eastern populations that are highly divergent at the genetic level (see for instance fig. 3 ), a feature that is expected to inflate the within groups variance. If we examine the coefficients of genetic differentiation among wild boar and pig populations, they are generally low (F ST betweenEuropean wild boars andMediterraneanpigsis0.073and between Far Eastern wild boars and pigs is 0.072) but highly significant (P , 1.10
À6
) reflecting the existence of genetic differences between domesticated and wild Sus scrofa.
Population structure was somewhat higher when comparing pig and wild boar populations with different geographical origins (r 2 AGWP : among-population and withingroup variance component). Population structure was particularly strong for SSCY markers (r 2 AGWP 535:26% of total genetic variation) likely due to the differential geographical distribution of the HY3 haplotype. Mitochondrial and autosomal markers showed lower values for r 2 AGWP (17.65% and 9.03%, respectively) consistent with the fact that several of the analyzed populations (e.g., African, International, and Anglo-Saxon pigs) have been formed by admixing European and Far Eastern breeds. Analysis of autosomal markers allowed us to detect large F ST values between European wild boars versus Far Eastern pigs and wild boars (F ST 5 0.19 approximately). Genetic differentiation between European wild boars and International pig breeds was also considerably high (F ST 5 0.14), but this finding might be likely explained by the strong introgression of the latter population with Far Eastern breeds. Moreover, and as previously mentioned, all population comparisons yielded F ST coefficients that were highly significant (P , 1 Â 10 À6 ) irrespective of their mean value. As a whole, these findings evidence the existence of a significant level of population structure in spite of the fact that most of genetic variability is distributed within rather than between populations.
Discussion
Weak Genetic Differentiation between Pigs and Wild Boars
We were interested in comparing the genetic diversity of pigs and wild boars, two populations that have undergone very distinct demographic processes, with the aim of defining to what extent domestication and selection have shaped the allelic pool of current swine breeds. According to our data, pigs and wild boars display similar levels of genetic variation. Nucleotide diversities for MT-CYB and SSCY markers were similar in pigs and wild boars. Microsatellite variation was also remarkably alike in wild and domesticated Sus scrofa (table 3) . These results are consistent with those reported by Scandura et al. (2008) in European pigs and wild boars. In principle, domestication and breeding are expected to reduce genetic diversity because they involve the occurrence of founder effects, the utilization of a reduced number of sires with a high breeding value, and the progressive fixation of beneficial alleles through artificial selection (Innan and Kim 2004; Cruz et al. 2008 ). This would be particularly true for International pig breeds, such as Landrace and Large White, which have been strongly selected for increased growth, leanness, and prolificacy during the last century (Ojeda et al. 2008 ). There are several factors, however, that might explain why levels of genetic variation are similar in pigs and their wild ancestors. First, pig domestication rather than being a single event took place at multiple locations across Eurasia allowing the participation of Sus scrofa populations with different genetic backgrounds (Larson et al. 2005) . Second, wild boar is a polygynous species that has undergone population bottlenecks as a consequence of excessive hunting (Scandura et al. 2008) . Finally, and as we will discuss next, there might have been a sustained bidirectional gene flow between wild and domesticated Sus scrofa populations.
Analysis of autosomal genetic variation in pigs and wild boars showed that they are weakly although significantly differentiated (table 5) . Moreover, pig and wild boar mitochondrial sequences clustered together in the median-joining network ( fig. 1 and supplementary fig. 1 , Supplementary Material online) and in the Bayesian phylogenetic tree (supplementary fig. 2, Supplementary Material online) . In fact, the multidimensional scaling plot of F ST coefficients ( fig. 3) showed that the comparison of European versus Far Eastern Sus scrofa populations, instead of pigs versus wild boars, is much more meaningful, in terms of population structure. Consistently, Scandura et al. (2008) found that genetic divergence between European pigs and wild boars is very limited although significant. As mentioned above, this low genetic differentiation between pigs and their wild ancestors might be explained by the existence of a continuous bidirectional Origin of Pig Breeds 2067 gene flow since their split 9,000 YBP. Conceivably, primitive pigs were raised in open herds, rather than being kept in small enclosures, giving a substantial chance for occasional interbreeding with their wild ancestor (Porter 1993) . It is even possible that Neolithic farmers deliberately crossed domestic pigs with wild boars as a way to restock their herds (Vilà et al. 2005) . This breeding strategy is even used nowadays for producing Iron Age pigs, which are a cross between Tamworth females and wild boar males (Porter 1993 ).
Origin of European Pig Breeds
The lack of a Near Eastern mitochondrial genetic signature in modern European pig breeds has been the main proof for supporting an independent domestication of pigs in Europe (Larson et al. 2005) . Interestingly, mitochondrial analysis of ancient pig bones and teeth has evidenced that Near Eastern pigs entered Europe in the Neolithic but they did not leave any genetic signature in modern breeds (Larson et al. 2007) . Mitochondrial data obtained in the current work show that Near Eastern and European wild boars share a common MT-CYB lineage named E1 (supplementary table 2, supplementary fig. 1 , Supplementary Material online) but their gene pools are represented by distinct sets of MT-CYB haplotypes (sequences do not cluster together either in the median-joining network or in the Bayesian tree) revealing that they have independent origins. The E1 lineage, which in the study of Fang and Andersson (2006) is classified as European, can also be found in North Africa and Near East demonstrating that it has a much wider geographical distribution than previously anticipated. This lineage encompasses many different MT-CYB haplotypes of which the most frequent one is H_1 (GenBank accession number AY237496). This specific haplotype is shared by European, North African and, interestingly, two Armenian wild boars ( fig. 1, supplementary table 2 , Supplementary Material online). Larson et al. (2005) obtained similar results when analyzing the variability of the mitochondrial control region and reasoned that the presence of European haplotypes in Armenian wild boars might be due to introgression with European pig breeds However, this interpretation does not explain satisfactorily why H_1 is so frequent in wild boars from Tunisia and Morocco (mean frequency: 89%), two countries where pig farming is negligible. Moreover, if Near Eastern wild boars would have been significantly introgressed with modern International breeds, we would expect them to harbor Far Eastern MT-CYB haplotypes that, according to Fang and Andersson (2006) , have a 29% frequency in International breeds. However, not even one of the 22 Near Eastern wild boars analyzed in the current work carried a Far Eastern MT-CYB haplotype. In the light of this reasoning, we favor a scenario where European, North African, and Near Eastern Sus scrofa share a certain number of MT-CYB lineages and haplotypes from ancient times and at variable frequencies (although the alternative hypothesis based on the occurrence of European introgressions cannot be completely ruled out).
Because mitochondrial markers only reflect the matrilineal history of a given species and they have a much faster lineage sorting and higher allelic extinction rate than autosomal markers (Zhang and Hewitt 2003) , we have compared genetic variation of Near Eastern and European wild boar populations from a nuclear perspective. Analysis of microsatellite data showed that the F ST value between European and Near Eastern wild boars is low (F ST 5 0.08) but significant. Moreover, STRUCTURE analysis evidenced that Near Eastern, North African, and European wild boars cluster together even when K is set to 8 ( fig. 2) , and this finding was additionally supported by a NeighborJoining tree based on the calculation of D A distances ( fig.  3B ). SSCY haplotype frequencies were also very similar in (Nei et al. 1983 ).
2068 Ramírez et al. these three populations (table 2) . Although a Near Eastern genetic signature has not been found in the mitochondrial genetic reservoir of current European pig breeds, a Near Eastern contribution to the nuclear gene pool cannot be ruled out. The recent advent of molecular tools enabling the high throughput genotyping of vast amounts of porcine autosomal single nucleotide polymorphisms should contribute to settle this issue.
An important landmark in the history of European pig breeds was the introgression of Chinese alleles into British swine populations during the 18th-19th centuries. As a consequence of this event, most International breeds (e.g., Large White, Landrace, and Pietrain) display Far Eastern mitochondrial haplotypes at variable frequencies, whereas local breeds with a more restricted geographical distribution (Iberian, Mangalitza, and others) do not (Giuffra et al. 2000; Clop et al. 2004; Fang and Andersson 2006) . A novel conclusion that can be derived from our study is that this Chinese introgression of British breeds was fundamentally maternal because the HY3 SSCY haplotype, that is, relatively abundant in Far Eastern breeds, is completely absent from the International pig populations sampled in the current work. The consequences of this ancient introgression have been very significant from a genetic perspective because we have estimated that the proportion of Far Eastern alleles in the gene pools of Anglo-Saxon and International pig breeds are around 47-61% (table 4) . Although these estimates have large confidence intervals and should be taken with caution, they show that these two populations were strongly introgressed with Far Eastern breeds. Similarly, Fang and Andersson (2006) have shown that the percentage of Far Eastern MT-CYB haplotypes in European swine has a mean value of 29% but the range of variation is very high depending on the breed and commercial line under consideration (Iberian: 0%, Mangalitza: 0%, Duroc 0%, Landrace: 0-43%, Large White: 14-100%, Piétrain: 0-78%, Berkshire: 78%, and Tamworth: 81%).
African Pig Breeds Display European and Far Eastern Genetic Signatures with a West versus East Geographical Distribution
The history of African pig breeds is largely unknown and controversial (Blench 1999) . Archaeological evidence indicates that pigs were bred in the Ancient Egypt as soon as the fourth millennium and that they were widespread in North Africa. Probably, pigs reached Subsaharan Africa through the Nile corridor and they subsequently spread to West-Central Africa (Blench 1999) . African native pigs were extensively admixed with exotic breeds as a result of the Portuguese exploratory journeys, beginning in the 15th century, as well as the colonization of the continent by several European countries in the 19-20th centuries (Blench 1999) . By analyzing the genetic diversity of African pigs, we have evidenced the existence of a clear genetic dichotomy between East and West. The most frequent MT-CYB haplotype in pigs from Nigeria and Benin was H_1 (mean frequency: 50%), which is shared by European, North African and, to a lower extent, Near Eastern Sus scrofa populations. In the light of the current historical evidence (Blench 1999) , the most plausible explanation for the presence of this haplotype in Subsaharan African pigs involves the occurrence of a European introduction (Africa was explored by the Portuguese in the 15th century), although a North African origin cannot be ruled out (European and North African wild boars are genetically similar so their genetic signatures are undistinguishable). More significantly, pigs from Nigeria and Benin did not display any of the MT-CYB (H_28, H_44, H_35) and SSCY (HY3) haplotypes that are characteristic of Far Eastern populations (supplementary tables 2, 4, and 5, supplementary fig. 1 , Supplementary Material online). In strong contrast, pigs from Kenya and Zimbabwe carried Far Eastern MT-CYB (e.g., H_28, H_44, and H_50) and SSCY (e.g., HY3 is fixed in Mukota pigs) haplotypes at high frequencies (supplementary tables 2, 4, and 5, supplementary fig. 1 , Supplementary Material online). In summary, a clear Far Eastern genetic signature can be found in pigs from the Indian Ocean coast of Africa but not in their counterparts of the Atlantic seaboard. Two alternative scenarios might explain the presence of Far Eastern alleles in East African breeds, that is, they might have been introduced through either a European intermediary, given that British breeds were strongly admixed with Chinese pigs in the 18-19th centuries (Porter 1993) , or by direct introgression with Far Eastern breeds. In this sense, the multidimensional scaling plot of F ST values and the Neighbor-Joining tree based on D A distances evidences that African pigs occupy an intermediate position between Far Eastern pigs and wild boars and Anglo-Saxon and International swine breeds, fig. 3 , Supplementary Material online). The time at which this introduction took place is also hard to infer. Throughout the ages, Eastern Africa has been a major point of entry of several livestock species into the continent including chicken, camel and zebu (Hanotte et al. 2002; Muchadeyi et al. 2008) . Ancient contacts, through the Indian Ocean, between Far East and Africa, have been widely documented. For instance, Madagascar was settled by Indonesian seafarers 1,500-2,000 YBP (Hurles et al. 2005) and an active trade between China and Somalia is reported in the Duan Chengshi writing dating to AD 863 (Levathes 1994) . Moreover, the Portuguese might have transported pigs from Macau to Zimbabwe and Mozambique a few centuries ago, giving origin to African breeds with an Asianlike phenotype (Blench 1999) . In summary, the introduction of Far Eastern pigs in Africa might be likely explained by the existence of ancient commercial routes linking Asia and Africa through the Indian Ocean.
The Origin of South American Pig Breeds Is Fundamentally European
Pigs were first brought to South America by the Spanish and Portuguese colonizers at the end of the 15th century (Rodero et al. 1992; Delgado et al. 2004) . These pigs had Iberian, Celtic, and Canarian origins and showed an excellent adaptation to this new environment (Rodero et al. 1999; Delgado et al. 2004 ). The Portuguese colonizers might have subsequently admixed this founder population with pigs from China, Vietnam, and Thailand (Porter 1993) . This Asian heritage is still evident in several Brazilian breeds such as Canastrinho and Nilo (Porter 1993) . Besides, South American breeds have been extensively hybridized with International breeds such as Duroc and Poland China (Porter 1993) . Our genetic analysis of South American swine populations showed that the two most abundant MT-CYB haplotypes are H_1 and H_11 (supplementary  table 2, supplementary fig. 1 , Supplementary Material online). Current historical evidence strongly suggests that H_1 might have been introduced by the European colonizers several centuries ago (Rodero et al. 1999; Delgado et al. 2004 ). This interpretation is supported by the fact that H_11 is shared by South American and Mediterranean pigs (supplementary table 2, supplementary fig. 1 , Supplementary Material online). Moreover, the multidimensional scaling plot of F ST values inferred from microsatellite allele frequencies showed that South American and Mediterranean pigs are closely related ( fig. 3A) . Similarly, Souza et al. (2009) have recently demonstrated that several Brazilian breeds have an Iberian origin. These findings are clearly consistent with the Spanish and Portuguese ancestry of South American creole populations (Rodero et al. 1999) . Interestingly, we have detected the presence of Far Eastern MT-CYB haplotypes (H_8, H_9, and H_10) in Nicaraguan pigs. Consistently, we have observed the segregation of the HY3 haplotype in a few Nicaraguan and Argentinian pigs (table 2, supplementary tables 4 and 5, Supplementary Material online). As reasoned above, the null frequency of this SSCY haplotype in International pig breeds suggests that Far Eastern breeds might have participated to some extent in the foundation of American creole populations. Recent MT-CYB data showing that several Brazilian local breeds and commercial lines harbor Far Eastern haplotypes gives strong support to this hypothesis (Souza et al. 2009 ). The existence of important Portuguese (from Macau to Brazil) and Spanish (from Philippines to Mexico) commercial routes connecting Europe and Asia through America might provide a historical framework for these findings.
Final Conclusions
The independent domestication of pigs in Europe and Far East generated two highly differentiated gene pools that spread to Africa and South America, likely following exploratory and commercial sea routes that were specially active during the European colonization of these two continents. British pig breeds were also strongly introgressed with Chinese sows in the 18th-19th centuries with the aim of improving fatness and reproductive traits. This worldwide process of population admixture combined with the occurrence of a sustained gene flow between pigs and wild boars might have played a major role in preserving the genetic variability of current porcine breeds.
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